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(57) Abstract: A high energy inductive coil-per-plug ignition system operating at a higher voltage Vc than battery volt^e Vhhy 
use of Wt tyil power co^erter (1). using high energy density low inductance coils Ti which are further .mproved by p«r^ 
™Sn ofXcoils and by use of biasing magnets (120) in the large air gaps in the core to ,nc«ase ccl energy dens,^- *^ 
co^TnTe^ted toTcapacitive type spark plugs, with improved halo-disc type firing ends, by means of improved suppression wire 
(78) rSm opS^dl^tr^lled by a micro-controller (8) to generate and control the coil charge time Tch the sequencmg 
L S Softer control features including finding the firing cylinder by simultaneous ignition finng and ---g dunng 
engL^2S,toprovideahighlycontn,lleda,Kiversatileigmtionsy^^^ 
sparks with relatively fewer and smaller parts. 
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IMPROVED MCU BASED fflGH ENERGY IGMTION 
This application claims priority under USC 119(e) of pfovisional applications Serial No. 
60/374.019, filed Aprill9, 2002; Serial No. 60/432,161, filed December 10. 2002; Serial No. 
60/450,217, filed February 25, 2003. 
5 FIELD OF THE INVENTION 

This invention relates to an improved electronic coil-per-plug ignition system for spark 
ignitioninternalcombustion(IC)engines,especiallyusinghigher energy density coils withbiasing 

magnets, operating at higher battery voltage and current, use^ with improved design capacitive 
spark plugs with erosion resistant halo-disc type spark firing ends, with improved suppression 
10 inductors and spark plug wire, to accommodate high energy flow-coupled ignition sparks, whose 
operation is controlled using a micro-controller (MCU) to simplify the design and improve the 
control capabilities of the system, including being able to operate the ignition without a phase or 
cam reference signal. As a complete ignition system applied to any spark ignition engine, it is 
capable of improving its fiiel efficiency and exhaust emissions, especially under dilute mixture 

15 conditions such as lean bum and high exhaust gas recirculation (EGR). 
BACKGROUND OF THE INVENTION AND PRIOR ART 

This invention relates, in part, to a 42 volt based coil-per-plug ignition system as is 
disclosed inmy U.S. patentNo. 6,142.130, referred to henceforth as '130, to improve and simpUfy 
its operation and versatiUty. including improving and simplifying its electronic controls by use of 

20 an MCU, raising the energy density of its open-E type coils through the use of biasing magnets, 
improvingthe housing designofthe coils to eliminate cracking due to thennal stresses, eliminating 

the need for a variable control (saturable) inductor to limit the secondary voltage upon switch 
closure, and other related improvements. The invention also relates, in part, to improving the 
electiomagneticintecferenceandend-effectaspectsoftheigmtionsystemdisclosed^ 
25 No.6.545.415,refeiTedtohenceforthas'415.0theraspectsoftheinventionincludeimprovingthe 

desigii of capacitive type spark plugs capable of handling the higher spark currents with reduced 
erosion, and improved low resistance suppression spark plug wire. In a preferred application, the 
ignition is used witha2-valve,2-spark plug per cylinder engine with squishflow, disclosed in my 

U.S. patent No. 6,267.107 Bl, referred to hence forth as '107, and improvements of it filed in a 
30 patentapplicationwiththesamefilingdateasthepresentone. The disclosures ofthe above referenced 
provisional patent applications, and the'130.«415,'107 patents cited above, as well as those cited 

below, are incorporated herein as though set out at length herein. 
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SUMMARY OF INVENTION 

This invention provides for an improved coil-per-plug ignition, as a complete system including 
ECU with micro-controller (MCU), igniters, coils, spark plug wire, spark plugs, and other 
improved parts and features, which as a complete system is practical, low cost, compact and 
5 versatile,yethighlyeffectiveinprovidingflow-resistantignitionsparkswithhighsparkenergyfor 

igniting lean and high EGR mixtures for better fuel efficiency with low emissions. 

The ignitionsystemhasanECUwithfeatures disclosed inmypatent'130and other improved 
features asaresultoftheuseofanMCU which takes over the functionsof creating the coil charg^^ 
control(dwellcontrol)by internally creatingadwellorcoil charging period, whichcanbemodified 

10 by sensing the coil charging current or by sensing any other engine parameters to control the coil 
energy. As partofthecoilchargingcontrol,theigmtionfeaturesignitioncoil power switchenabU^^ 
circuitry whichappliespowerto1hecoilpowerswitchesSwi(preferablyIGBTs)onlyduringthecoil 
charging time. The MCU also providestheabiUty to findthefiringcylinderinamdti-cyli^ 
through coil sensing and control means, and can provide RPM limiting (REV limiting), and other 

15 ignition features by making use of the MCU. with the minimum number of required electronic 
components. 

For conventional 12 volt battery systems, versus the emerging 42 volt systems, the ECU 
includes a step-up power converter and voltage regulator for raising the voltage to a higher voltage, 
typically in the range of 24 volts to 60 volts, and preferably 42 volts as envisioned for the future. 

20 The power converter is preferably of the simpler boost type converter, versus the fly-back lype 
disclosed in my patent ' 130, vMch can be used with one additional low-cost switch as a high 
power bi-directional converter for also stepping down the voltage, for example, from 42 volts to 
14 volts as may be required in the future. A biasing magnet may be used in a special design of this 
converter, especially in the case of a high power bi-directional converter, to reduce the size of the 

25 magnetic core of the converter inductor. 

Along with the ECU, the ignition may include Ignitor units with multiple-coils mounted 
on a single block, or stand-alone coils with power switches and related components mounted on a 
circuttboardonthebackofHiepreferredlow-inductanceE-core coils disclosedinmypatent'130 and 

improved herein. These Igmtorunitscontainlheignitioncoilenergizingandfmngpowers^^^ 

30 and their drivers and other components, including preferably the snubber capacitors of a snubber 
circuitdisclosedinmypatentnSO.Altematively.thesnubber capacitors maybe placedintheECU 

with special ground return wiring to insure their proper operation. In the case of stand-alone coils, 
the capacitors are mountedonthecircuitboardswithoutuseofthe snubber circuit, wherein the coil 

leakage energy which is delivered to the capacitors is discharged across the primary coil winding. 
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The ignition coils, of the low inductance open-E type disclosed in my patent '130, are 
improvedbyusingbiasingmagnets to double their already high energy densities, andmakingthem 
circularly symmetricso they canbemountedmore reliably on, ornear the sparkplugs, to be made 

more universally applicable. In the preferred embodiment, one or two biasing magnets are place 
5 in the air-gaps at the end of the preferred open-E type cores. For a cylindrical coil, an annular 
biasing magnet is placed in the amiular air gap at one end of the coil. In the standard coil with 
laminations making up a square or rectangular core, two opposing magnets are paced in the air- 
gaps at the open end of the E-core. 

The coils are improved to handle some of the practical issues relating to the wide 
10 temperature variations found in an engine environment, which can crack the coils in their epoxy 
encapsulated fonn due to different expansions coefficients of the coil constituents. In a preferred 
. embodiment, the coil housing is designed so that only the center leg of the magnetic core is 
inserted in the housing (the outer legs being outside of the housing and free to make small sliding 
motions), and is designed to be able to slide as the expansion and contraction forces become high 
15 (due to e^emes in temperatiire), to thus prevent cracking. The large temperature variations exist 
since the coils are preferably mounted on the spark plugs, or near the spark plugs. 

Such very low inductance, inductive type coils can also be used in larger format for 
disttibutor type ignition systems, where the even shorter charge time Tch of preferably about 250 
micro-seconds (usees) eliminates the need for providing conventional ignition dwell, versus the 
20 "charge-and-fire" dwell, or charge time Tch feahire of the present invention. 

The suppression sparkplug wire andinductois. including miniatiire size inductors and plug 
>vire which can be placed inside the special design spark plug and/or in tiie high voltage towers of 

the ignition coils, and/or in between, are a novel design using iron or steel wire of high magnetic 
permeability which is spiral wound in a small diameter to form an inductive spark plug wire, or 
25 inductor, to provide a skin depth about equal to or less than the wire radius at about IMHz 
frequency, to provide significantly higher resistance. i.e. about ten times or more, above 1 MHz 
overtheDCresistance1»reduceelectromagneticinterference(EMI)andtheWeffecrd^ 

in my U.S. patent '415. The spark plug wire and inductors are designed to have a relatively lower 
inductance so that the frequency associated with the discharge of tiie coil output capacitance is 
30 between 5 and 20 MHz so tiiat the higher resistance of the wire of hundreds of ohms or greater at 
thatfrequency is moreeffectiveindampingtheoscillations across the wire and inductors andthose 

associated witii the end-efifect The spark plug wires and inductors are steel spiral over a magnetic 
core made up of a combination of femte and powder iron, or iron particles of the type used in 
particle core, or any combination of these. 
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The spark plugs disclosed herein are preferably Of a flow-coupling type disclosed m 
patentsNo. 5.517,961.No. 5.577,471 (referenced as '471), and '107 andare of the capacitive type 

disclosed in some detail in my US patents No. 5,315,982, and 4,774,914, which are improved by 
using metallization to provide high capacitance of 30 to 80 picoFarads (pF) in a compact design, 
5 with their electrodes made of erosion resistant material, such as tungsten-nickel-iron or other 
material.andwithiBSulatorpreferablymadeofaluminastrengthenedwith20o/ozirconia.Thepl^^^ 
have an improved halo-disctypefiringend disclosed inmypatent'471,designedforvaryinglevel 

of spark gap penetration, and with a novel recessed insulator to reduce the chances of madvertent 
interior firing while increasing the plug capacitance. 
10 OBJECTS OF THE INVENTION 

It is a principal object of the present invention to provide a coil-per-plug ignition, as a 
completesystemincludingECUwithmicro-controUertoprovideforamore compact and versatile 

systemwithignitorsthatrequirefewerlowercostcomponents, or stand-alone-coils whicharemore 
suitable for mounting on or near the spark plugs, and are more compact and robust using biasmg 
15 magnets for more versatile mounting, and spark plug wire with better EMI suppression capability 
using steel wire, and spaifc plugs with high capacitance, low erosion and good flow-couplmg 
capability, so that as a complete system the ignition is low-cost, easy to manufacture, practical, and 
compact yet versatile and hi^y effective in providing flow-resistant ignition sparks with high 
sparkenergyforignitingleanandMghEGRmixturesforbetterfuelefficiencywithlowemissions. 

20 Another object is to simplify and reduce the size of the power converter by using a boost 

type converter for the DC-DC converter with simple control features. 

Another object is to use the MCU in conjunction with sensing signals from the coils to 
detennine the firing order of the ignition without the need for a phasing or cam signal. 

Another object is to provide a housing design for the open-E type coil that is more robust 
25 under wide temperature variations by having the outer core section outside of the coil housmg. 

Another object is to provide circularly symmetric, even smaller high energy coils by using 
biasing magnets so they can be mounted on or near the spark plugs, yet stiU have high stored 
energy of approximately 100 milli-Joules (mJ) or higher. 

Another object is to provide a bi-directional converter based on a boost type converter 
30 which is simple, low-cost, compact, with special inductor winding so that biasing magnets can be 
used to halve the size of the magnetic core. 

Other objects of the invention will be apparent from the following detailed drawings of 
preferred embodiments of the invention taken in conjunction with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a partial circuit and partial block diagram of a preferred embodiment of the coil- 
per-plug ignition system showing one of several possible ignition coils with their driving and 
sensing circuits, which are shown controlled by an MCU. showing its various comiections in terms 
5 of the special functions it performs. 

FIG. la is a detailed circuit drawing of the system of HG. 1, excluding the ignition coils 
and their drivers and power switches which are shown in detail in FIG. 1. 

FIGS. 2a to 2c are approximately to-scale drawings of the side, end and top views of the 
open-E type ignition coil with laminated core with the preferred feature of having'the outer core 
10 legs outside of the coil housing. 

HGS. 3a to 3c are approximately to-scale drawings of the open-E type ignition coil with 
laminatedcorewiththe outer corelegsoutsideofthecoUhousingwhosemainbody is cylindrical in 

shape, depictingtwo side views. oneincludingaprintedcircuitboard(PCB)andcomponentho 

mounted on its back, and an end view showingthe structure on which is mounted the PCB. FIG. 3d 

15 isapreferredcircuitdrawingoftheparts(excludingthecoil)thataremountableonthePCB. which 

is shown in FIG. 3e. 

FIG. 4 is anapproximately 1 'A times scale, partial side-view drawing of a preferred open- 
E type cylindrical coil with preferably laminated core. FIG 4a is an approximately 2 times 
scale, partial side-view drawing of the top end of an ignition coil with a biasing magnet located 

20 withhi a slot cut in the core of the center leg at the top end. FIG. 4b is a drawing of a coil similar 
to FIG. 4a but with two biasing magnets located in slots cut out of each side of the top end of the 
core. FIG. 4c is a preferred bottom section of the coils of FIGS. 4a, 4b with separate magnetic core 
at the bottom for completing the magnetic path for favorable operation of the biasing magnets. 
nGS. 5a. 5b and 5c are approximately to-scale, side view drawings of the low inductance 

25 ignition coils of the E-type and U-type, including biasing magnets which present large air gaps for 
the required low inductance, as weU as allowing for smaUer coil design for a high stored energy 
capability of approximately 1 80 millijoules(mJ) through the biasing action of the magnets. FIG. 5d 
isapartial side view drawingofasegmented secondary windingbobbinforcontainingthemagnets 

of FIGS. 5a and 5b. 

30 FIGS 6a and 6b are approximately to-scale, side-view drawings of insulators for capaciti ve spark 
plugs for the preferable halo-disc plugs of FIGS. 6c, 6d, 6e, and 6f, made of alumina or zirconia 
strengthened alumina to give a higher dielectric constant, and with internal and external metallized 
surfeces for the capacitance, and with concave versus convex insulating ends for larger diameter 
center electrodes with a higher capacitance. 
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FIGS. 6c to 6e are approximately to-scale. side-views of capacitive, halo-disc plugs 
improved by usingtheinsulatorsofFIGS. 6a, 6b, which accommodate larger diameter,better heat 

sinking center electrode at the bottom section of the plugs. FIGS. 6d and 6e include suppression 

inductors interior to the spark plug insulators. FIG. 6f is a twice-scale side view drawing of the 
5 spark plug shell ground firing end, excluding the center firing electrode, showing more details of 

the insulator and shell firing end. 

FIG 7a is a twice-scale, partial side view drawing with preferred dimensions of the 

magnetic core, secondary windingbobbin, and biasing magnets of HGS b. FIG. 7b is atwice scale 

partial side view of the preferred housing for the coil of FIG 7a. ¥1G. 7c is a twice-scale partial 
10 top end view of a slice of fee core of HG. 7a depicting a preferred rectangular laminated core. 

FIG 7d is an expanded.view of a small section of HG 7c showing an inside comer of the housmg 

and outer laminations. 

FIGS. 8aand Share partial, expandedsideviewdrawingsofcoreswithspiralwindingsmaking 
up inductive spark plug wire and their EMI suppressing capabilities inteims of the voltage swings 
15 that occur across the inductive wire when placed between the high voltage secondary winding of 
the ignition coil and the spark plug high voltage electrode. 

FIG. 9 is a partial circuit drawing of a simple form of high power bi-directional converter 
comprisingaboostandbuckconverter.usableinautomotive applications whereadualvoltagerail 
isrequired. FIGS. 9a and9b are the drivesignalsrequiredtooperate the converter inboost(step.up 

20 conversion) and buck (step^lown conversion), and HGS. 9c and 9d are the associated currents 

tibrough the converter energy storage inductor. 

HG. 10 is a simple form of the buck switch S2 of the converter of FIG. 9. 

FIG.ll is anovel form of the converter of FIG 9 wherein a biasing magnet is used in the 
inductor madepossiblebyusingtwoidentical windings onthecoreofthe converter inductor. HG. 

25 12 is a side view of one ofmmy possible designs of the inductor of the converter with biasmg 
magnet at the center air-gap of the core center leg. 
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DISCLOSURE OF PREFERRED EMBODIMENTS 

FIG. 1 is a partial circuit, partial block diagram of the coil-per-plug ignition system made 
up of: power converter 1 and its controller 1 a; voltage regulator 2; energy storage and coil charging 
and current sensing circuit 3; low loss snubber circuit 4 folly disclosed in my patent ' 130 and not 
5 repeated here; one ignition coil 5 of several possible (also designated Tl of Tn, or generically Ti); 
coil drivingandsensingcircuit6shownasadashedblockcontainingthe key required components; 

a coil switch voltage enabler 7 wtdch supplies the coil power switches S wi with power (1 5 volts 
designated) during their turned on (coil charging) duration Tch. The coil charging is controlled by 
an MCU 8. in this case shown as a 16F676 with 8 A/D converter input/output pins (RCO to RC3, 
10 RAO to RA2, and RA4) for up to eight coils. Finally, there i§ the input trigger circuit 9, and the 
phasecircuitlO(acamreference)available as anoption to using coil sensing by the MCUStofmd 

the firing cylinder. Blocks 1. 2, 3, 7, and 9 are shown in detailed circuit form in FIG. la. 

Ifthesnubbercircuit4isimplemented,thenthesnubbercapacitorislocalBdintheposition 
designated as 4b,along with isolation diode 4c and voltage clamp 4d. whose operation is fully 
15 disclosed in my patent ' 130. Otherwise, snubber capacitor is placed across the primary winding 
5a of coil 5, designated as 4a in this case, and operates by having the coil leakage Lp& energy 
stored on it upon coil switch S 1 opening, discharged across the primary winding to deliver part of 
its energy to the coil secondary winding 5b and the spark, the rest of the leakage energy being 
dissipated in the coil windings and magnetic core. 

20 ShownalsoinFIG. 1 is the coil 5 output capacitance 5c. of value Cs, which is typically a 

lowcapacitanceofaboutlOpicoFaiads(pF).thelowvaluearisingin part that the coil high volte^^ 
end is open. i.e. the magnetic core is open versus closed as in the standard inductive coil. THis 
limits the high voltage capacitive energy discharged on spark firing to cause EMI. That energy is 
rapidly dissipated in the suppression spark plug wire or suppression inductor 1 1 with winding Wl 

25 with frequency dependent resistance Rs(f) vs4iose resistance R(f) increases with frequency f. as 
disclosedinmypatent'415andimprovedherein.Atthehighvoltageendiscomiectedapreferably 

capacitive spark plug 12 of capacitance Cpl of 30 1x> 80 pF. as will be fiarllier disclosed. It has a 
spark gap 12a which is preferably approximately 0.060" when used with normally aspnrated 
engines with compression ratio below 12 to 1. 
30 Note that the term "about" is taken to mean within ± 50% of the quantity it qualifies, i.e. 

about 10 pF means within 5 pF and 15 pF. The term "approximately", as used herein, is taken as 
within ± 20«/. of the quantity it qualifies, i.e. approximately 0.060" means within 0.048" and 
0.072". 
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Generically. the MCU performs several functions, the most important being taking the 
ignition firing trigger 9 and creating a charge time Tch (dwell) which is used to charge each coil 
sequentially, where the number of cylinders (assuming one coil per cylinder) is programmed into 
the MCU, so' that once the proper firing sequence is determined, the charging signal circulates from 
5 pin RCO to pin RC3 (shown in this case for a 4.cylinder engine) with each trigger signal. It is noted 
that only one coil and associated circuit are shown here. The same circuits apply to the other coils, 
controlled by pins RCl to RC3, designated by ellipses. 

In order to limitthesizeoftheMCU,and the number ofI/0 pins, the pinsRC0toRC3,and 
additionaUyRA0toRA2andRA4(foran8-cylinderengmeora4-cylinderwithtwocoilspercy^ 

10 are normally pulled high by pull-up resistors (201a shown in'this case) to the reference voltage 
(typically5volts).Theyarethenconnectedviaacunentlimitingresistor202atothegatesofswitch 

driver N-type FET 204a (SDl of SDn) whose gate is also connected to a 5 volt Zener 203a 
(corresponding to Vref). The drain of FET SDl is pulled up to a higher voltage (15 volts shown) 
throughslow-turn-onresistor205a(RllXsufficienttoturn-onthepower switches SwlofSwn(I^^^ 
15 shovm).ThedraimofFETsSDiareconnectedtothegatesoftheirrespectiveIGBTpowersvvitches 

Swi (drain of SDl connected to gate of Swl as shown). 

AnewfeatureistousealargeresistorforRli,saylOKto50K,dependingonthecapacitance, 

to slow the turn-on of the IGBT switches (which are preferable standard speed type IGBTs). This 
substantiallyreducesthevoltageovershoot(voltagedoubUng)uponsvwtchSwiclosureto eliminate 

20 theneedforthesaturatinginductorthatisdisclosedinmypatentnSO.Transientvoltagesuppressor 
(TVSi)diode206a(TVSl)is connected across thedriverFET switch SDlforprotectionofthedriver 
SDlandpowerswitchSwl,as well as to provideadditional capacitance to slowdowntum-onofthe 
power switches Swl, i.e. TVS diodes have a high intrinsic capacitance. Otherwise, a separate 
capacitor may be used, or the smaller intrinsic capacitance of the IGBT power switches Swi my 

25 performthefunctionofslowtum-oninconjunctionwiththeresistorsRli.TheIGBTs Swihave 

a diode or clamp 207i (207a shown) across them as required. 

An advantage ofthe this MCUbaW ignition with A/D converters, is thattheMCU can be 
used to find the firing cylinder(searchmode)withoutaphase reference, by bringing outalew^ 
(5b 1 shown) from each cott that includes a few turns of the coil 5 secondary winding 5b at the low 
30 voltage end of the winding, e.g. that includes about 0.005 times the secondary turns Ns, e.g. 20 
turnsforNsequalto4,000,andcomiecting the wire toasensing circuit. The sensing circuit in this 

case is shown associated with MCU pin RCO comprising diode 208a. capacitor 209a (e.g. 22 
nanoFarad(nF)),andresistor210a(e.g.l00K)forpull-upresistor201aapproximatelyequalto3K. 

The sensing circuit works by firing all the coils simultaneously duringenginecranking(MCU pins 
35 RCO to RC3 go from output low (coil charging) to output high (spark firing), to input for sensing 
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after the spark has fired and the capacitors 209i (209a shovm) are fully charged (initially negative 
in this case forthe typical coil negativehighvoltagejollowedbyapositive voltage which^ 

be used). With the above component values, the sense voltages range from 4.5 volts to just above 
zero for -5 kV to -30 kV. The voltages on the pins are then A/D converted, compared, and the 
5 lowest voltage one designated the fired cylinder (highest cylinder ^essure. higjiest negative 
voltage, and lowest positive sense voltage). For verification, the process can be repeated to insure 
that the next sense low is the expected one (next in the firing sequence). It is noted that Pm RC5 
can be used to lower the output voltage Vc, e.g. firom 42 to 28 volts, to limit to peak coil output 
voltage upon switch Swi closure during cranking-and-sensing to prevent false spark plug finng. 
10 Pin RA3 is used to sense the coil charging current as'an override protection in case the 

current exceeds some threshold Ith. e.g. 36 amps for a normal 30 amps peak current Ipk for a coil 
primary inductance of approximately 330 microHenries (uH), i.e. for a typical coil stored energy 
of approximately 150 millijoules (mJ). THis is achieved for a typical preferred coil primary turns 
Np equal to 50 and an openE-core cross-sectional area of approximately 1.0 square centimeter 
15 (sqcm)andapproximately0.6sq.cmwithbiasingmagnets.where«equalto"means within± 10% 

of the quantity it qualifies. i.e. Np between 45 and 55. For this preferred embodiment, the coil 
charge timeTcisapproximately0.3milliseconds(msec).Whenthe current exceeds the threshold 
currentlth Pin RA3 goes low and teiininates the MCU internally generated dwell or charge tmae 
Tch During the cranking-and-sen^ing stage (search mode), the input RA3 is disabled, since the 
20 current will be approximately 2 % times over the normal, e.g. 80 amps instead of 30 amps. i.e. 4 
times30 times (28/42) assuming Vc is 28 volts versus 42 volts at cranking. 

If a phase 10 reference operation is preferred instead of the search mode, this can be 
accompUshed by tying, for example, now undedicated Pin RC5 to the phase output, and sensing 
for a low or high. It is noted that once the firing cylinder is sensed and the engine is runmng, the 
25 phase input is not required until the engine is stopped and restarted. 

mthe automotive application where42volts(orhighervoltage)is available for the present 
higher voltage based ignition, a power converter may not be required. In that case, switch Swl of 
coil 5 (T 1) preferably has a current sense resistor (48 of FIG. 9) between the emitter of switch Swl 
and ground, also acting as a fuse, comiected to a sense circuit comiected to the MCU. In this case. 
30 if a switch Swi should become disabled by shorting (the sense resistor/fose is opened), the other 
coils will still function and the engine can still operate in a "limp mode". 

no laisadetailedcircuitdrawingofthesystemofFIG. l.excludingtheactiial ignition 
coil andits drivers and power switches, which are shown in detaUinHG.l.Also the sense circuits 

are also not shown as they have been disclosed in nG. 1. 
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In the present application, forthe power converter 1 is shown a boost converter comprised 
ofaninputfiltercapacitorl8connectedtoavoltage supply Vb.e.g.acarbattery,inputover voltage 
protectionclampl7,typically 30 volts, boost inductor 19(ofinductanceLbofpreferablyabout40 

uH) N-type FET switch 20, and boost output diode 2 1 , which typically will be a 60 volt Schottky. 
5 Operation of this converter is well known to those versed in the art, and in this application the 
preferred frequency of operation is about 60 kHz, i.e. between 30 kHz and 90 KHz. 

The converter controller drives switch 20 using the totem pole WN and PNP transistors 
15a.l5b,controlledbyN.typeFET14withpull-upresistorl4a,controlledbyoutputofcomparator 

91 which controls FET 14 through resistor 14b. Operation of this oscillator controller circuit is 
10 essentially identical to that of FIG.IO of my patent ' 130. and liiost of the component numerals of 
that application. i.e. 87 to 97. correspond to those that have been used in this drawing to designate 
similar components and operation, ie. resistors 87. 92a. 92b. 92c. 93, timing capacitor 88, and 
diode 89.toaddition, there is includedZener89ato reduce the switch20on-timeat high voto^^^^ 

e.g. Vcc of 20 volts. Optional N-type FET 90 is placed across timing capacitor 8 8 to disable it (turn 
15 off power converter) during coU charging time Tch when Pin RA5 goes high (during Tch). 

Resistor divider 96a and 96b set the reference voltage of the regulator comparator 97. 
which in this case can be lowered during cranking to lower Vc to. say. 28 volts, if sensing is used. 
This is done by having MCU Pin RC5 go high which turns on N-type FET 97b (with base pull-up 
resistor 97c) to place resistor 97a across resistor 96b, and lower the reference voltage. The signal 
20 to the inverting input of comparator 97 is taken firom the regulator divider 3 1.32. 

Resistor24b for chargingtimingcapacitor 88. withassociatedcomponentsNPN transistor 
24 and resistor 24a control the peak current of the boost converter, where transistor 24 senses the 
converter output current flowing through energy capacitor 22. where the value of resistor 24a is 
typically at least 10 times greater than 23a. which may simply be a foil on the circuit board of 
25 iesistanceabout5milli-ohms.Fora50wattpowerconverteroperation.preferTedvalueforresisto^ 

24a is approximately 0.15 ohms. Operation of this off-time control is disclosed in patent '130, 
although the topology is different since this is a boost converter versus flyback. 

The purposeofthe high current Schottky diode 23b, withnegativetemperaturecoefficient, 
istoallowsensingofboththecapacitorcharginganddischargingcurrent.providingavoltagedrop 

30 on discharging, e.g. 0.5 volts at 30 amps, so that with resistor 23a sense NPN transistor 23 (whose 
collectorisnormallyhighviapull-upresistor23ccomiectedtoregulatorvoltageVref)canperform 

the coil charging control already mentioned. That is, the collector of sense transistor 23 goes low 
when the charging current exceeds a threshold, e. g. 36 amps, as would occur if the coil secondary 
output should fireduring coil charging, to si^ltheMCU to terminate coil charging. Thecollector 

35 is shown connected to input pin RA3 of the MCU to provide the control feature. 
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A Simple trigger input conditioning circuit is shown with its output connected to Pin RC4 
of theMCU. It is made of three resistors 221. 222. 224, a 5 voltZener. and aNPN transistor , with 
output nonnally high, and the trigger signal to Pin RC4 being a pull to ground whose duration ,s 
less than Tch. Operation of this circuit is well known to those versed in the art 

5 Shown also in FIG. la is a circuit for providing the IGBT gate voltage Vg (typically 12 to 

1 5 volts) for the IGBT power switches Swi, in a controlled way. Shown is NPN transistor switch 
100 with its collector connected to resistor 99, e.g. IK to 3.3K, which is connected to the source 
voltage Vc. and its emitter is connected to a parallel combination of capacitor 101, of typical 
capacitance 33 nF to 0.1 uF, and a Zener 102 which sets the gate voltage Vg. Between point Vg 

10 andbase of transistor 100 is discharge diode 103 which is conhected to both the drain of a confrol 
N-type FET transistor 104, whose source is grounded, and to a resistor 105 (typically 22K) which 
is connected to Vc. FET transistor 104 has its gate connected to a resistor divider 106, 107, with 
the gateterminalbeingthe control terminal operatedbyN-1ypeFET109whichis turned on during 

the coil charge time (MCU Pin RA5 goes high). Transistor 100 provides the IGBT drive voltage 
15 Vg, depending on whether transistor 109 (with pull-up resistor 109a) is on or off. In this way. the 
drive voltage to the gates of the power IGBT switches Swi canbe enabledor disabled by the MCU. 
Preferably, when the reference voltage (5 volts shown) drops, to say 3.5 to 4.3 volts, as would 
occur on engine turn-off, drive voltage Vg can be tumed-off to prevent micertain firing of the 
power switches Swi when the MCU goes into a low-voltage mode with uncertain pin conditions. 
20 lnaddition,thetriggersignalTrcanbeusedtoenableVgduringcoilcharging(switchSwion)and 

to disable it when the switches aretumedoff. In this way, an MCU protection override is provided 
for the power switches Swi. Alternatively, in a passive mode where control is not required for Vg, 
transistor 100 is eliminated (shorted), the value of resistor 99 is increased, and all the other 
components are eliminated other than capacitor 101 and the Zener 102. 
25 In FIG. la is also shown the pull-up resistors (block 201) of the MCU 8, and the output 

current limiting resistors 202a to 202d for the output control Pins RCO to RC3 . The MCU can also 
runa 4.cylinder engine with two coils (and plugs) per cyUnder, which can be independently fired 
by using the four extra MCU pins. Also shown are 12 volt regulator 85 and 5 volt regulator 86 and 
its load capacitor 86a. 

30 The MCU can perform many other fimctions. for example, increasing the coil and spaik 

energy for a period of time after starting by increasing the coU charging time, from say a nominal 
1 80 m J to 225 mJ, and then reducing the energy fiirther to say 1 50 mJ when the temperature rises 
aboveadefmedlevel by sensing, for example, the voltage acrossathemiistor,as is known to those 

versed in the art. It can also REV limit by simply putting in a delay after ignition firing, e.g. 5 msec 
35 for 6000 RPM for a 4-cylinder engine. 
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In the current application using preferably coils with open-E type magnetic cores, as 
disclosed in my patent '130. a preferred type of such coil with stored energy capability in the 150 
to 200 mJ range is shown in FIGS. 2a to 2c. which are approximately full scale, depending on the 
stored energy.FIG. 2a showsapartially detailed side viewofsuchapreferred coil, with E-corellO, 

5 primary and secondary winding sections 111 and 112 respectively, with the Ignitor unit 113 
mounted on the back for mounting the power switch Swi and related components, and a high 
voltage towerlU. The coil andlgnitormaybemounted on an "L'-bracket as partof an assembly of 
coils, as discussed, shownhere as partus, whichcanbemetallicto ground the core, or insulating. 
withmountinghoIesUSa. The wires ftomthecoils are indicatedasll3a.whichideally emerge from 

10 the coils as windings ends and are directly soldered onto the bqard within the Ignitor housing 113. 

A key feature of this variant of the E-core is that the laminations are mostly outside the 
housing 116, i.e. only the core center leg UOa. shown in the end-view FIG. 2b and top partial view 

FIG. 2c, is within the housing, and it is designed so that it can move, i.e. it is not firmly 
encapsdated in the housing. The outer legs 1 lOb. HG. 2c, are outside the housing, as is the back 
15 end HOC. m this way, with tempemture variations, the laminations can move relative to the 
housing to minimize the chances of cracking. However, the laminations must be held together to 
the housing, which canbe done with aflexible glue, e.g siUcone. or by use of abracket 115 showiL 
Preferably, the secondary winding 1 12 is segmented, with number of bays, typically 6 to 10 bays. 
FIG. 3a is an approximately to-scale side-view of an ignition coil of the type of FIGS. 2a 
20 through 2c, including the high voltage tower 61 which in an axial direction in this case. The core 
is of the preferred open-E type design whose center leg (not shown) is inside the coil housing and 
whose outer legs 55 are outside the housing. FIG. 3b is the back end view of the coil of HG. 3a 
showing the clamping mount 62 with four mounting and clamping holes 63a to 63d, and the 
primary wire ends, designated as Vc and -, and the secondary windmg low voltage winding wire 
25 end designated as GND (for ground), with the opening 60b shown as a dashed curve. In this case, 
the possible sense winging is not shown. In this design, the housing 60 is essentially cylindncal, 
sealed at the high voltage end 60a and open at the low voltage end 60b into which the windings, 
bobbin and core center leg are inserted, and into which the encapsulant, e.g epoxy, is introduced. 
FIG. 3c is an approximately to-scale. side-view of the ignition coil of HG. 3a including a rear 
30 housing 64 in which is a circuit board 65 on which are mounted the coil power switch Swi and 
driver components, and wherein the underside of the board is ground and is clamped against the 
end of magnetic core 50 to ground it and keep it firmly in the housing 60. The board 65 and rear 
housing 64 are clamped onto the coil housing clamping mount 62 against the core end 50a (see 
FIG.3b)bymeansofbolts68ato68d. which also serve formounting the entire coil unittoafirame. 
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FIG. 3d is a circuit diagram of parts, including power switch Swi. driver SDi and resistor 
Rli, for mountingonthe back of the ignition coil (FIG. 3c), with a preferred circuit board 65 shown 
inFlGSe, which includes snubber capacitors 82a, 82b whicheliminatethe need for extra wire and 

the snublir circuit (four wires shown on connector 67). In this design, with reference to FIG.3d, 
5 the snubber capacitor means Csn (82) is comiected across the coil primary winding designated as' 
an ideal transformer winding Lp (83a) with leakage inductor Lpe (83b). As normal, upon ignition 
firing, leakage current flows to the snubber capacitor 82, but in this case it oscillates back through 
the primary winding where it dissipates rapidly by delivering its energy to the spark and to the 
magnetic core and windings. In this way, the clamp Dswi (preferably internal) across the switch 
10 Swi does not have to dissipate power, and is only there to limitopen circuit voltage.' Also, the EMI 
is reduced in this design (versus with no snubber capacitor). With reference to HG. 3e, preferably 
two parallel polyester high voltage capacitors are used. They can be located across the board as 
shown (82a, 82b), or if they are shorter, they can be placed across the board (at right angles of 
those shown), to provide more room for the section 66 where the drive components are located. 
15 HG. 4 is an approximately IV2 times scale, partial side-view drawing of a preferred form 

of the open-E core type cyUndrical ignition coil showing the magnetic core with center leg 54, 
outer legs 55, and back end 50, with the primary 53 and secondary 51 winding sections, and an 
electromagnetic interference (EMI) suppression inductor 70 within its high voltage tower 61. 
Preferably the windings and center leg are contained in an insulating cup 60 (not shown) with the 
20 outerlegs55ofthemagneticcorelocatedoutsidethecup. Preferably the magnetic core is made of 
laminations, whosecross-sectioncanbesquareorrectangulardefmingaclosetoperfectcyli^^^ 
coil housing 60 (not shown). For a rectangular cross-section of the magnetic core, preferably the 
ratio of the sides is approximately 1 .3 in terms of the long side to the short side to help achieve an 
essentially cylindrical housing60.Forequalmagneticstressingofthe outer cor^legs55totheinner 

25 core 54, the sum of the cross-sectional areas of the two outer legs should equal 85% of the inner 
leg 54, the 1 5% reduced factor coming from the reduced area of the center core 54 comers which 
are preferablyrounded by using narrower width laminations on the outside, and from the feet that 

some magnetic flux in the center leg will leak and not pass through the outer legs 55. 

Thecoildesignshownis of particularly low inductance Lp, e.g. approximately 300 uH, with 
30 primary windingNpofapproximately50tums,tumsratioNtofapproximately70,andbobbin51 for 

winding the secondary vvdre with preferably 9 bays, i.e. 8 to 10 bays, as indicated in FIG 7a. The 
outputcapacitanceCsofthiscoilisreducedbyhavingtheprimarywinding53extendingshortofthe 
center leg core 54,e.g. approximately 80%ofitslength,andhavingthe secondary winding52in the 

segmented bobbin 5 1 extend at or beyond the ends of the core center leg 54 and outer leg 55. Coil 
35 peak output voltages are typically 36 to 40 kV. 
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FIG. 4a is an approximately 2 times scale, partial side-view drawing of the top end of an 
ignition coil with a biasing magnet 69 located within a slot cut in the core of the center leg at the 
top end made up of transition section 1 1 2 and top section 50. HG 4b is a drawing of a coil similar 
to HG 4a but with two biasing magnets 69a and 69b located in slots cut out of each side of the top 

5 end of the core 50. FIG. 4c is a preferred bottom section of the coils of FIGS. 4a and 4b. shown 
associated with FIG 4b in this case, which has a separate magnetic core 1 1 0 at the bottom end for 
completing the magnetic path and for allowing favorable operation of the biasing magnets. For the 
preferred coil stored energy Ep of 100 mJ to 200 mJ, the preferred overall dimensions of the 
laminations are from equal to 1" across for a pencil type coil, to approximately 1 1/4" across for 

10 others. The length can vary from about 1 " to 2", or longer depending on application. *Like numerals 
represent like parts with respect to FIGS. 3a to 3c. 

The design of the coil of FIG. 4a assumes the core to be made up of open-E laminations 
as per FIG 3, except for the center leg 54 fanning out at the top to create transitional section 1 1 2 
above which a rectangular slot is cut of dimension just less than the maximum width of the section 

15 ll2.definingnarrowchannels 112a.Theslotisforinsertingthebiasingmagnet69.ThetwonOT^^ 

end sections 1 12a allows the laminations to maintain themselves as a single structure, but forces 
mostofthemagneticfluxlinesll3topassthroughandalongthecompletemagneticpathor circuit. 

versus short circuiting as flux line 1 14 which passes through the air-section 115 as flux leakage. 
FIG. 4b represents a simpler form of open-E lamination vfheK two biasing magnets 69a 

20 and 69b are placed vertically in the end section 50 symmetrically about the middle. This is done 
by cutting two rectangular vertical slots of height just short of the full height of the end section 50 
1» accommodate the magnets 69a, 69b, creating narrow end sections 1 12b, which as in HG. 4a. 
keeps the lamination as a single structure, but forces most of the magnetic flux lines 113 to pass 
throughtiie along the complete magnetic path or circuit, versus short circuiting as flux line 1 14 to 

25 represent flux leakage. In this case, the top flux leakage section is width "w"of the entire coil 
lamination winding window. Like numerals represent like parts with respect to the earlier figures. 

Since the biasing magnets represent air-gaps of length «hn". it is not practical to have an 
openendatthebottomofthemagneticcore. asinHG. 3, sincethis will lead to high magnetic flux 
leakage of the biasing magnet and overly low coU primary inductance Lp. But since we want to 
30 maintain the advantages of using a single open-E core, separate magnetic core sections 110 are 
placed at the bottom as shown. These may introduce small air gaps Igl and lg2, as shown, but as 
long as their sum is much less than the core window width "W", i.e. preferably less than half of 
W, then the leakage will be small. 
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More generally, we can write: 
W>2Elgi 

where.the sum is taken over all the air gaps in the magnetic path (excluding the magnet). In 
addition, we require for a low inductance coil that: 
5 W«lm + Slgi 

which resembles an open-E core in terms of the total air gap that an open-E presents. 

FIGS. 5a. 5b and 5c are approximately to-scale. side view drawings of the low inductance 
ignition coils of the open-E-type and U-lype for an assumed approximately 150 mJ stored energy 
(and scaled accordingly for lower or higjier stored energy), using biasing magnets to achieve the 
10 very high energy density, which present large air gaps for the required low inductance and high 
energy density (mJ/gm). Like numerals represent like parts with respect to the previous figures. 

no. 5a is an open-E type coil of the pencil type, i.e. the magnetic core length Ic is 
approximately twice or more than the core diameter of width Dc; and open-E coil of HG. 5b is a 
cylindrical type coU where the length Ic is less than twice the width Dc. Both coils (FIGS. 5a, 5b) 
15 have biasing magnets 120 at the bottom open ends as shown, which are preferably two separate 
magnets for use with flat laminations. They can be a single ring type magnet if the center leg is 
essentiaUyround.whichcan also be achieved with laminations whose centerlegs54areofvarious 

widths, preferably of three widths of the ratios 0.89, 0.72 and 0.44 of the circle diameter, to 
achieve a fill factor of over 80%, or of more widths. 

20 For two separate magnets, the magnets would have a cross-sectional area Am (at ri^t 

angles to the magnetization direction) 50% to 100% greater than the cross-sectional areas of the 
outer legs 55, assuming the use of high grade magnets with magnetic flux densities of 1 Tesla or 
higher and high coercive force, such as NdFeB or SmCo. and a magnetic length Im to essentially 
fill the end air gap (which equals the winding width W). However, if the preferred cylindrical type 

25 cup 60 (not shown) is used for the coil wherein the center leg 54 is in the cup. and the outer legs 
55 are outside the cup, then there will be a small air-gap Igl of about 0.050" (depending on the 
thickness of the cup wall adjacent to the magnet 120). A very small air gap lg2 will also exist on 
the inside to allow the center leg 54 (which is preferably wrapped with insulation) to slide freely. 

There are several advantages of this design, other tiian tiiat of using the biasing magnet to 
30 achieveahighermagneticswinguptotwicenormaLOneisthattiiemagnetsdonotdisturbtlieend 

air-gaps used to achieve the preferred low inductance. Another is that tiie magnets are separate 
from tiie laminations, so tiiat tiie do not interfere with tiie small sliding movements of the core legs 
allowed witii temperatiire change to prevent cracking of tiie epoxy or otiier material used to 
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encapsulate the windings. That is. the center leg 54 is wrapped with an insulation, which is 
encapsulated with the windings, but the center leg can slide inside the insulation (along with the 
outer legs 55 which are free to move) under thermal stress caused by differing expansion 
coefficients between the core material, the encapsulation, and the one or more winding bobbms. 

5 Another advantage is that the flux lines at the bottom of the core sections 54/55 tend to bend 
towards the surface of the magnets 120 for less leakage flux. 

m the design of FIG. 5a, the width Dc can equal 1" (0.9" to 1.1") and the length Ic can be 
approximately 2" for a stored energy of approximately 160 mJ. The narrower and longer winding 
window can be accommodated by using flattened (rectangular) magnet wire in a free-standmg 

10 structure. i.e. without a bobbin, which is also preferred for other compact coil structures. For 
example,aprimaiywindingequalto50tums(45to55tums)offlattenedcoppermagnetwireof20 

AWG (American Wire Gauge) can be used with a winding length Ip equal to 1.5" and a wire 

thickness of approximately 0.02". 

In the design of FIG. 5b, the widtii Dc is approximately 1.3" and the length Ic is 

15 approximately 1.6" for a stored energy ofapproximately 180 mJ. The window width Wis typically 
up to 40% greater than the center leg 54 width, typically approximately 0.36"; the core cross- 
section can be romxd, square, or rectangular with side ratios ofapproximately 1.3. as already 
mentioned Preferably, approximately 50 turns of wire (Np) in two layers are used for Ihe pnmary 
winding53,ofwindinglength(lp)approximatelyl". The magnetic fluxswingachievable through 

20 thecenterleg54withthebiasingmagnetsisapproximately-1.6Teslatoapproximately+1.6Tesla 

to provide a high energy density. 

FIG 5c is a similar design as the Wes but using an open-U core with open end on the 
bottom whereasingle biasing magnet 121 is used. All other things being equal, the magnet cross- 

sectional area Am is approximatelytwicethecross.sectionalareaofthetwolegs54.55(whichare 
25 approximatelyofequalcross.section).Also.aswiththeE-cores.theU-coredesignpreferablyhas 
the windings 5 1/53 and the leg 54 about which the windings axe wound in an insulating cup (not 
shown) with the outer leg 55 outside the cup. The leg 54 is preferably insulated and free to slide 
within the insulation with temperature change, as discussed with reference to HGS. 5a aiui 5b. 
In all three cases, preferably approximately 50 turns of two layers of primary wire are used, 
30 typically 19 to 21 AWG, which are round but also can be flattened, for a preferred primary 
inductance ofapproximately 330 uH and peak primary current ofapproximately 32 amps, for coil 
stored energy Bp of 100 mJ to 250 mJ for automotive applications. Typical secondary to pnmary 
turns ratio Nt is approximately 70 for use with 600 volt IGBTs, and approximately 80 for use with 
approximately 450 volt IGBTs. 
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FIG. 5d is a partial side view drawing of a segmented secondaiy winding bobbin 5 1 for 
containing the magnets 120 of HGS. 5a and 5b. Shown are the last three slots 52, as well as the 
region 53 where the primary winding 53 locates and the magnetic core center leg 54. As is seen, 
twolarge interior slots 123 exist on the inside endofthe bobbin where to magnets 120 are inserted. 

5 Since the magnets are located to repel each other they will stay in the slots against their back wall 
to allow the center leg 54 to slide freely past their imier face. The magnets 120 and slots 123 are 
designedto produce mimmumair gaps Iglandlg2,typically0.05" for IgltaMngthe wall thickness 
of thecup 60 into account, and about the same forlg2.FortheapplicationsofFIGS.5aand 5b, the 

magnet height "h" is approximately 0.20", its length Im is dictated by the coil window width W, 
10 and its other dimension made to conform to the size of the corQ side, which fora an '^proximately 
coil storedenergyoflSOmJ will typicallyrangebetween0.25"and0.5".dependingonapplication. 

While the preferred primary inductance Lp and peak primary current Ip are approximately 
300 uH and 32 amps, other values are possible using the designs of FIG. 4a to 5 c which have large 
airgaps(wherethemagnetsaielocated).Forexample.assumingaprimarytumsof60andaprimary 

15 wmding length well short of the window length Iw. e.g. for Iw = 1.25", lp = 1.0". then a primary 
inductance Lp of 500 uH is easily achievable, which taken with a peak primary current of Ip of 
25 amps provides a coil stored energy of 155 mJ. and for a turns ratio Nt of 70. a peak spark 
currentof350 ma, which is above the200marequiredforignitionflowcouplingbutproducesless 

spark plugerosionthanthe450ma spark current with the lower inductance hi^er primary current 
20 cases already discussed Note that the inductance Lp not only depends inversely on the winding 
length lp. but on the length lp relative to the winding window length Iw, i. e. the smaller IpAw. the 
higher the inductance; it also depends on the location of the winding, which prefembly is located 
against theback50ofthe core, i.e. for higherLpandless magnetic toging fields beyond the open 

bottom end. However, too short a length produces non-uniform magnetic stress. 
25 FIGS . 6a and 6b are approximately to-scale, side-view drawings of insulators for capacitive 

spark plugs for the preferable halo-disc plugs of FIGS. 6c, 6d, 6e, and 6f, made of alumina, or 

zirconia strengthened alumina to give an approximately SO^/o higher dielectric constant, and with 

internal and external metallized surfaces for the capacitance. The two insulators are identical 

except for the length of metallization on the inside surface. 
30 The length of the insulator "lins" is made up of three length sections 11. 12. 13 of overall 

length approximately 3.0 inches, 11 defining the section along the threaded shell sectionl25 (FIG. 

6c) 12 definingthe section along the non-threadedremainingshellsectionl88.and 13 defimngthe 

top insulating tower section 1 85 . The imier surface of the insulator of FIG 6a is metallized ( 1 86a) 
along the bottom length sections 11 and 12. i.e. along the entire metallic section of the spark plug, 
35 just short of the bottom end; the imier surfece of the insulator of FIG. 6b is metallized along its 
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entire length 1 86b as indicated, just short of the bottom end. In both cases, the outside surface 1 87 
is metalHzedalongthelength defined by 11 plus 12. the region where the elongated outer metallic 
shell case 1 88 is located, again just short of the bottom end. The insulator thickness along lengths 
1 1 and 12 are approximately 0. 1 0". sufficient to >vithstand the high voltage without puncturing, but 
5 thin to give the maximum capacitance per unit length. The metallization of the surfaces can be 
done by various means, but is most readily and cheaply accomplishedbyachemical process where 

copperis depositedbyanelectroless process aftertreatment,i.e.seedingofthesurfaces. Preferably, 
theelectrical contact between the outermetallization and the shell 188 is made at the top endl88a 

where the metallic shell is folded over the boss 193 to make a seal, and at tiie section 188b where 
10 the inner diameter of the shell has a step. 

WithieferencetoFIGS. 6ato6f,anewfeatureof the insulators, designed specificallyfor the 

halo^sclype plug which prefers the insulator end to be recessed below the slots or cut-outs 126, 
as per my US patent 5,577,471, ('471) is having a concave I87a, i.e. hollow, versus convex end, 
whose depth "Iconc" (FIG. 6f) is such to prevent tracking, but not longer than needed, e.g. 
15 approximately0.2".Theadvantageisthatitallowsforalargerdiametercenterbore 127foralarge 
bottomcenter-cooling'' conductor 127aforbetter conducting heat awayfromthecenterelect^^ 
tip 128, and it allows for the buUding higher capacitance along the shell threaded section 125 by 
having a tlmmer insulator wall of approximately 0.10", as already mentioned. The cooling 
conductor diameter is between 0.12" and 0.18" for an interior shell diameter "Dshell" between 
20 0.35" and 0.4" for a-M mm spark plug. Preferably, conductor 127a is of high thermal conductivity 
material such as copper or brass. Its erosion resistance is not important since a center high voltage 
erosion resistant electrode 129 will be attached directly to it, as in FIG. 6d, or with some kind of 
festener, e.g. nut 129a, which can also act to lock the center electrode 127a into place with the 
larger diameter end 130 working with it to create the lock. 
25 FIG. 6c shows one version of the spark plug, where the bore 131 can be empty, or filled, 

for example, with powder to help make the seal of the center conductor. The high voltage tip 132 
can be soldered to the inner metallization (assuming the insulator of FIG. 6b is used), or threaded 
on as shown in HGS. 6d, 6e (where the insulator inner diameter (ED) contains a thread as shown). 
An essentially cylindrical end electrode 128 is attached to a supporting electrode 129 which is 
30 welded or threaded (as shown) to the center conductor 127a. The insulator upper outer diameter 
(OD) preferably conforms to the standard 31/64" with the ID (bore) being approximately 0.2" 
smaller (of approximately 0. 1" thick insulator). 

If a slim-line plug is required, then the OD will be made smaller (with some loss of 
capacitance). However,asanoption. one canhaveeach of theODandlDofthe entire insulator be 

35 of onediameteralongtheirouterandinnerentire lengths, otherthanthesealingboss 193, e.g. the 
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OD equal to 0.38" and the ID equal to 0. 17". The inner seal can be made by having the electrode 
127a (which could now not have the larger diameter section 130) be of a uniform diameter and 
extend into section 13 where its would be thimied to. say. 0.1" to allow for a powder seal, and 
designed to contactthetipormpple 132. withthenipplein turn makingelectrical contact with the 

5 imier metallization 186a. If thebore 131 ID can be made uniform, then the imier metallization may 
notbe needed, withthecapacitanceformedbetweentheextendedlengthcoolingconductorl27aan^ 

the uniform shell ID along 11 and 12. Or the electrode can be thinned along 12 and 13 and the bore 
131 faied with conductive powder, e.g. brass, for both a seal and for providing the capacitance. 
nG6dshowsanotherversionofthesparkplugwiththeinsulatorofna6a.wherethecenter 
10 conductorl27ahasanextensionl27boverthelengthl2aroundwhichpowdercanbefilledtomake 

the seal with an electric field diffuser 127c placed at the end of the imier metallization 186a to 
eliminatetheeffectofthesharpedge(andhenceotherwisehighelectricfidd).Betweenthe^^^^ 
andliie tip 132isanEMI suppression element70,whichcontacts the tip 132bymeansofasprmg 

132a. The suppression element 70 can also be a length of the special spark plug wire of HG. 8b 
15 contained in a semi-rigid structure which terminates at the dififuser 127c and tip 132. 

In place of the imier metallization 186a. or in conjunction willi it. conductive. e.g. brass. 
powdercanbeplacedaroundthecoolingconductorextensionl27b(alongsectionl2)andtampedto 

makeboththe imier seal as well asthecapacitancealongthatsectionl2. Also, withreferencetothe 
firingendelectrode 129, which is shown without a fastener to attachittocoolingelectrode 127a.the 
20 coolingoftip 128canbefurtherimprovedbyhavingacoppercoreinsideoftheend electrode 129. 
Thiscanbedonebyhavingtheendelectrodel29anditstipl28madeupofashellorcoatmgplaced 

overasmalldiameter.eg. approximately0.08".extensionof thecoolingelectrode 127a, for drawmg 
theheatevenmoreefficientlyfromthefiringendl28,whichproduces1hehi^tempemturespark(arc 

discharge) and is exposed to high temperature gases by preferably being placed deeper into the 
25 combustion chamber for better ignition flow coupling. Preferably, all the surfaces of the coolmg 
electrode anditsextension(particularlyitsextension)arecoveredtonotbedirectlyexposedtot^^ 

sparkandcombustiongases.Finally,withrespecttothis figure, theabsenceofafastemngumtl29a 

reduces the chances of tracking and fouling of the surface of the inside of the insulator 187a. 

FIG 6eisyetanotherversionofthe sparkplug withintegralsuppressionsparkplugwire78, 

30 where the spark plug wire is located in the insulator bore along its entire length, shown making a 
contact withthecenterconductorendsectionl30(shownasathreadedcontact). The advantaged 

thisdesign isthatitgivesthemaximumuseoftheplugbore length 12+13 forthe suppression spark 

plugwire78. The top fastening element 132b at the end is an electric field diffuser (if insulator of 
nG6bisused)co«lactingtheendofthemetallizationsection,andalsoservingtoholdthespar^ 
35 wireinplacefrommoving.Thesparkplugwire78isclearlyinsulatedfi:omthemetallizationl86b. 
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AllthreesparkplugsofFIGS.6c,6d.6ehavesomeoralloftheelementsofahalo.discty^ 
firingendstructuredisclosedintnyU.S. patent 5.577.441. wherein the ground electrode ismadeup 
of aconvexannular structure withslots 126 cut in them (sho;vn in an expanded view mHG. 6f),to 
provideafiringringendl26a.intowhichmaybelocatedanerosionresistantsub-nngl26b.suchas 

5 tungstenmckeliron.iridium,orother(oritmaybeacoatingorplatingoferosionresist^^ 

Thecenterelectrodel28ispreferablyacylindrical structure (FIGS. 6c. 6d)locatedbeyond 
the groundling 126, or inside the ring as inFIG.6e.In order to insure firing between the electrode 
128 andthegroundringl26a(orl26a/126b).theIDofthethreaded shell sectionl25 is themaximum 
diameterDshellthatcanbetolerated.preferablybetween0.36"and0.40^withouthavin^ 

10 a wall especially at its top junction which is stressed during tightening. In this way. assuming a 
diameterequalto0.10"fortheelectrodel29and0.38"fortheshellIDalongthetreadedsectionl25 

(Dshell of FIG. 6), the clearance between the electrode 129 to the imier shell wall is 0.14". or 
approximatelytwicethepreferredsparkgapl28aoftypicaUy0.06"to0.08"fornormallyaspirated 

gasolineengines.IftwoplugsareusedpercyUnder,aspermypatentn07,oneplugmayhavealarge 

15 gap eg 008"forfiringonlyunderlightloadconditions,whiletheo11ierhasasmallgap.e.g.0.04 , 

tol^dletheMgherloadconditiom.For1helargegapplug.itisevenmoieimportanttohaveti^^ 

interior clearance to insure firing at the exterior spark gap 128a. 

Maddition.^^threferenceto^G.6f(nocentIalelectIodeshown),theincludedangle8v^^^ 
to defmethelevelofthe spark gap extensionbyhavingthe convex groundsectionoflength-lgnd" 

20 be shorter or longer, the larger or smaller the angle respectively, varying between 30" for a long 
extensionofplugfiringend,and90°forashortextensionoffiringendHowever.becauseoftheflow^ 

couplingnatureoftheignition.bydefinition,anextendedgaptypeplugispreferred(smallanglee). 
The slot axial clearance also vary with the angle 6 (extension), typically from 1/6" to 1/8", or 
somewhat longer. 

25 Therearetypicallythreeorfourslotecutaroundtheamiulus,fourbeingthepreferrednumber 
in tUscaseforbalancingthe radial electricfield to theposts that support the ring 126a(see patent 
5 577 471) Theprefenedlengthlgndisapproximately0.2"andtheangleisapproximately40^The 
foursiots are cutat every 90O preferably withataperedcuttertoproduceanimier post widthequal 
totheo«tertoavoidsharpinteriorpoints.Also.allimiermetallicsurfacesaresmoothe^ 

30 electricfieldconcentrationstopreventinteriorfiringversusfiringatthesparkgaps 128a, 128b. The 
concaveinsulatorendl87bterminatingneartheimieredgeof slots 126has side wallsl87athatare 
ofathickness to survive the harshenviromnent.but sufficiently thin to accommodateasealingnut 

or other fastener if required, as indicated by 129a, which can seal the center electrode 129 to the 
cooling conductor 127a. 
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The high voltage electrode end 128 is made of erosion resistant material such as tungsten- 
nickel-iron, iridium or other, or athick plating of such. THe remaining electrode 129 canbe any used 
insparkplugs. or ofthesamematerial as thetip-TheplugcapacitanceCpl is preferably 30to 60 pF, 

defmedmainlybythelengthofthe shell spaikplugshelll88(includingmostofthetreaded section 
5 125) thickness of the insulator, and its dielectric constant The entire spark plug end of center 
conductor 129 and ground ring can be plated with catalyst material such as palladium to enhance 
combustion reactions. 

While the emphasis of the above plug designs has been on the halo-disc type plug end, the 
capacitance nature of the plug can apply equally well to conventional plugs with the long nose 
10 insulator atthe firing end, with various electrode stmctures, including those disclosed elsewhere for 
firingtothepiston. In addition, the convex insulator end canbe conventional, or can be recessed If 

used with the halo-disc design of my patent '471. 

HG 7aisatwic&.scale,partialsideviewdrawingwithpreferreddimensionsofthemagnetic 
core secondary windingbobbin,andbiasingmagnetsofnG.5b.nG. 7b isatwicescalepartials^ 
15 viewoftheprefeiTedhousingforthecoilofFIG.7a,rotatedby90^nG.7cisatwice-scalepartial 
top end view of a sUce of the core of FIG. 7a depicting the preferred rectangular laminated core 
similar to FIG. 3a. FIG. Id is an expanded view of a small section of HG. 7c showing an inside 
comer of the housing and outer laminations. Like numerals represent like parts with respect to 
HGS.SatoSd. 

20 In FIGS. 7a to 7c. the preferred dimensions are assumed to be ±10o/o. FIG 7a shows the 

preferred dimensions for a stored energy of approximately 180 mJ using high grade magnets such 
asNeodymium(NdFeB).withoveraUlengthofl.6" dimemionwithexpected width dimensionDc 

of 1 26" based on the 1" dimension shown for the center leg and windows (0.3" + 2 • 0.35"). This 
lanunationcanbemade.wi1hadjuslmentswithin±10o/o,fromtheEI-3/^^^^ 
25 upthewindowandtrimmingthewidthdimensionDc from 1.375" to. say. 1.3". if necessary. The 
bobbinshownisaptefenedtypesegmentedbobbin,with9baysappropriatelydimensionedandfilled 
appropriatelywithwire(shading)tohandletheprogressivelyhigher voltages withpositi^^ 
thebottomhighvoltageend. Thelastbay58a.whichisshownextendedbeyondthe primary wire53. 
hasadeeper slot, as indicated, andrelatively fewer tumsofwire.Thebobbindso has two inte^^^ 

30 slots to locate the magnets 120. 

In FIG 7b is shown a central high voltage tower 61 with flexible suppression wire 78 
temiinatingat one end inthe last bay 58a ofapreferred segmented bobbin51(FIG. 7a). -me tower 

can equally wellbeonasidesothatthe suppression wire78isbrought out essentially straight. The 
two dimensions shown correspond to those of FIGS. 7a and 7c. 
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FIG. 7c shows a rectangular laminated core for use in a design of FIG. 5a with preferred 
dimensions of 0.3" and 0.4" for the rectangular core cross-sections, with window clearances of 0.35" 
to make for a thin walled cylindrical cross-section opening into which encapsulant is poured for 
encapsulating the coil. A core of dimensions 0.32" by 0.38" may be easier to handle. 

5 FIGS. 8a and 8b are partial, expanded side view drawings of the inside of inductive spark plug 

wires (excluding insulating j acket) v^dth cores made up of a supporting structure 75a, siwh as Kevlar, 
andamagneticcoating75b, surroundedbyspiral wire windings 76. Associated with each drawing is 
its EMI suppressing capabilities in terms of the voltage swings that occur across the inductive wire 
when placed between the high voltage secondary winding of the ignition coil and the spark plug 

10 high voltage electrode. 

HG. 8a shows the inside of state-of-the-art wire with its ferrite coating whose thickness is 
typically approximately one half of the Kevlar diameter, and using fine copper wire for a relatively 
iowresistance per foot, e.g.lOto 50 ohms/foot preferred inthe present application, and an inductance 

ofaboutlOOuH/footUponignitionfiring,thevoltageacrossthewire,AVs,indicatedasthevoltage 
15 di£FerencebetweenVslandVs2,thevoltagesatthetwoends, has a negative difference A Vs- and 
positive overshoot A Vs+ equal to approximately the full output voltagesVs2, as indicated in the 
figure, for poor suppression capability. 

For the same length of special suppression wire ofFIG. 8b, the voltage A Vs- is approximately 
Va to Yi of Vs2, and the voltage AVs+ is approximately Va of Vs2, which then decays at the first 
20 overshoot, versus oscillating in the case of the wire of FIG. 8a. The improved performance is 
achieved by several factors: first, by using a core made up of a combination of powder iron and 
ferrite, preferably ferrite that is lossy at 1 MHz, such as Fair-Rite 77, where the combination is at 
least 50% iron, determined by what can be tolerated without electrical shorting; secondly, by using 
a thicker coating, preferably equal to the diameter of the Kevlar, e.g. 0.025" Kevlar with 
25 approximately 0.025" or greater coating; thirdly, by using as thin a Kevlar as practical, so the 
overall OD is relatively small given the thick coating, e.g. preferably 0.02" Kevlar with 0.020" 
coating, for 0.06" OD, and relatively small inductance to resistance; and thirdly by using steel wire 
76, i.e. high permeability magnetic steel wire for the winding, with a skin depth at least 
approximately ten times smaller than copper at 1 MHz. 

30 The gauge of steel wire to be used depends on the length of wire and allowable DC 

resistance. For example, for the case of very short wire of 1 to 2 inches, preferably 6.002" to 0.005" 
diameter wire is used, wound at approximately 40% to 60% fill fector, depending on application, 
for a DC resistance in the range of 1 0 to 30 ohms/inch, and an inductance of about 1 0 uH/inch. For 
spark plug wire in the one or more feet range, the wire diameter is preferably 0.006" to 0.012". By 

35 using insulated steel wire, a higher percent powder iron may be used which has both higher loss 
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factor and lower permeability. Also, lower fill factor of approximately 30% may be used to 
increase the ration of resistance to inductance. 

For a stand-alone inductor 70, larger thickness of coating may be used for the spark plug 
wire which is then inserted in a semi-rigid housing. However, an alternative is to use a thin 
5 cylinder, e.g. 1/6" to 1/8" of pressed particle core material such as made by TSC International 
(long, slightly insulated iron filings), and place a heavy coating of Fair-Rite 77. or a mixture of it 
and powder iron to provide insulation on the outside, and wind with a heavy insulated steel wire. 
Another alternative is a hollow ferrite core filled with particle core material. And other 
combinationsarepossibleoflossyferrite. powder iron, andparticlecorematerialforthecomposite 

10 lossy magnetic core material. 

Inthepresentapplication.asmentione4asimplerboostvet?usfly-backconverterispreferr^ 
HG.9isapartialcircuitdrawingofasimplefonnofhighpowerbi-directional converter com^^^^ 
aboostandbuckconverter. usable inautomotiveappUcationswhereadualvoltagerail is required. 
Inthepresentcasewhereaboostconverter alone isrequired,switchS2(45)is eliminated, with 
15 boostconverteriscomprisedofbatteiy40ofvoltageVl.boostinductorLb(41).boostoutputdiode 
. Db(42),FETswitchSlwithshuntdiodeDsh(44).andthebatteryV2(46)replacedwithcapacitor 

22 of FIG. la. Operation of this converter is well known to those versed in the art 

In the automotive application where42volts(orhighervoltage)isavailablefor the current 
prefened42volt(or higher)basedignition,apowerconverter may not be required. Inthat case, as 
20 shownontheri^handsideofnG.9,sepaiatedbyellipses,switchSwi(IGBTshown)ofcoilTi.has 
acurientsensecircuitwithsenseresistor48alsoactingasafuse,with>n>Nsensetransistor48^ 
base resistor 48b) turning on at the end ofthe coil current charging. In this case, if aswitchSwi- 
should become disabled by shorting (the sense resistor/fuse is opened due to excess current and 
heating), the other coils are stiU functioning and the engine can still operate in a "limp mode". 

25 Whenused as a bidirectional converter for the automotive case. Fig. 9a depicts the control 

trigger signalappliedtogateofN-typeFETswitchSlforl4-*42voltupHX>nverting(boosting).^^ 
thecurrentthroughtheinductorLbshowninnG9c.wherelhecuiientcharginghi^voltagebattery 

V2 has half the periodofthe switchcurrent SI forthe voltages VI and V2 equalto 14 and42 volte. 
For down-converting (bucking). FIGS. 9b and 9d show the trigger signals and subsequent current 
30 flows in the inductor Lb. 

FIG. 10 depicts details of a possible buck switch 82 ofFIG 9, made up of aP-type FET which 
is easy to trigger but is not as efficient as an N-type for the same cost. For turn-off of the switch 82. 
itegateispulledlowbycontroltransistor45athroughvoltagedivider45band45ctoapplyatuni-on 

voltage (below20 volte), as isknowtothoseversedinthearLForapreferredN-typeFETswitch,a 
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separate voltageabove42voltsisrequked,whichcanbeproducedby those versed intheart^ 

anextravrindingontheinductor41.Thedrivesignalsfortheconverteroperation 

circuit drawing. Like numerals represent like parts with respect to FIG. 9. 

HG. 11 is a novel form of the converter of FIG 9 wherein a biasing magnet is used in the 
5 inductor Lb (41a) made possible by using two identical in-phase windings on the core of the 
converterinductorconnectedtogetheratthelow-voltageendoftheinductorwindingandcomiected 

separatelytothetwoendsoftheswitchesSlandS2.i.e.relativetotheconverterofFIG.9.thedown- 
convertingcircuitpathfromthehighvoltageVlisseparatefromtheup-convertingpathandmcludes 
anisolatingdiodeDis(48)inserieswithswitchS2(N-typeFETshown).Tothenodeb^^^ 

10 S2 and the winding is connected diode 49 with its anode to #ound. 

. lnopeiation.upHX)nvertingoperatesinthenormalvvay.Down^onvertingopera^ 

switch S2 on and off, with SI switched off, except as a result the switch's separate winding, the 
magaeticfluxinthecoreoftheinductorLbisinthesamedirectionasinthedown-convertmgcase, 

wWchpemutsabiasingmagnettobeusedCpreferablyferritewhichalsoactsaslherequir^^ 
15 However,ontheswitchS2tum^ff,asepaiatediode49mustbeprovidedthatisnormallyprovided 

by diode 44. Like numerals represent like parts with respect to FIG. 9. 

In this way. the magnetic core (preferably ferrite) can have a biasing magnet included, as 
showninnG.12,representingapairofE^reswithagapinthecenterlegwherethebiasingmagnet 

is located, and a small winding window for containing preferably one layer of each of the two 
20 windings. nG.12isasideviewofoneofmanypossibledesignsoftheinductorwithbiasmg 

magnet which can reduce the core size by approximately 40%. 

• To summarize, the inventions disclosed herein, taken in part or as a whole, represent a 
significantimprovementofthe42voltbased,lowinductance.highignitionflow^upling,coa-per. 
plugignition system previously developedandpatentedby myself for applicationtoleanbum and 

25 high EGR engines, to improve the siz«, flexibiUly, universatiUty and performance of the vanous 
parts makingupthe system, as weU as its overall applicationforimpn,vedfuelecon^ 

exhaust emissions. 

The ignitionECU is improved by giving greater control and flexibility of the ignition to a 
low-cost MCU in tenns of handling the charging of the ignition coils, as well as to their flexibility 
30 forchargingduringvariousconditionssuchascold-startandhot operation. Also, the ability of the 
MCUtoperfonnsimultaneousignitionfiring-and-sensingduringcranking,andtous^ 
conversion to find the minimmn sense voltage (or maximum if the positive voltage is used 
following the typical initial negative breakdown voltage), makes the system easily retrofitable by 
not requiring a cam or phase reference signal. 
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MoreimportantforOEMuse. the Size and designoftheignitioncoilshasbeensignific^^^^^ 
improved by the use of biasing magnets to up to halve the size of the coils (in terms of the 
magnetic core area) for the same stored energy to allow for more flexible designs in temis of size 
and shape or greater, more universal application to spark ignition internal combustion engines. 
5 The coils have been made small enough, even for energies as high as the preferred 150 mJ. that 
they can be located on top of spark plugs by any of a number of methods known to those versed 
m the art, or near the spark plugs for more flexible and facUe application. 

In termsofEMI, the system hasbeenimprovedbythedevelopmentofaspecial suppression 
inductors and spark plug wire with far greater suppressing abilities based on hybrid core material 
10 design (fenite and iron) and wire winding (high permeability^ steel wire), to damp out EMI that 
might exist between the intercomiections between the coil and plug, which can be aggravated by 
the use of the preferred high capacitance spark plugs which produce a more rapid breakdown of 
the spark gap (andhence higher EMI), as weU as reduce the end-effect following such sharp spark 
breakdown. 

15 In terms of igniting ability, the system has been improved by the development of a first 

practical capacitive spark plug with low cost metallization to produce the capacitance, which 
results in a rapid, high current breakdown spark known to improve fee lean bum capability of an 
engine. The plug is especially versatile in construction, including a more practical form of halo- 
disc firing end design for offering long spark plug life and better igniting abiUly through better 

20 sparkpenetrationandlowerquenchingelectrodesthroughapracticalconvexfiringendnoseofless 

mass, coupled to a concave recessed insulator end which allows far better purging of the .interior 
volume and cooling of the plug's high voltage tip by fcnabling use of a larger diameter cooling 
center conductor, and much higher capacitance within the threaded sheU portion of tiie spark plug 
for even more rapid breakdown spark. The spark plug is easier to build in terms of all its features. 
25 includingthepreferredfourslotswhichsupportthegroundfiringring,andthesealingofthecenter 

electrodeto the better thermal conductive copper cooling electrode, and other features. Ihlams 
of the engine design, the disclosed variable compression ratio (CR) not only has the usual 
advantages of pemiitting higher CR at light loads for greater efficiency, but in the case of the two- 
spark plug squish flow-coupled ignition system, it allows for much higher air-fuel mtio Qeaner 

30 bum) at the higher compression ratios due to the higher degree of squish flow a the spark plug 
firing end site, e.g. 36 to 1 AFR at 14 to 1 CR, versus 30 to 1 AFR at 1 Ito 1 CR, for even greater 
engine efficiency and lower emissions. It also limits the peak pressure that the spark plugs sees at 
firing for less voltage stress on the spark plug and coil, and pennits a more useful larger spark gap 
to be used. It also limits the engine peak pressures for overall lower stress while minimizing the 

35 chances of engine knock and allowing for lower octane fiiel to be used. 
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Asacomplete system, there are Other advantages that thisignition-engine system 

especially in the form of more optimized combinatiofis of the various features and components 
disclosedherein.includingfeatuiesandcomponfints disclosed elsewhere. Amongthem 

as a complete engine system, in the fonn of the disclosed dual ignition Lean Bum Engine (with 
also high EGR capability), the system makes practical what we refer to herein as the "Lean 
Hybrid", which is the combination of this more optimizedLeanBumEngine married with a 42 volt 
based Mild Hybrid (v*ich the ignition prefers) with its integrated starter-generator, to make for 
by far the most advanced and efficient future engine system. atafiw>tionofthe cost all other to 
systems under comideiation,especiallythe current very expensive andhigJdycomplexFullHybrid 

Since certain changes may be made in the above apparatus and method wthout departing 
fiom the scope of the invention herein disclosed, it is intended that all matter contained in the 
above description, or shown in the accompanying drawings, shall be interpreted in an illustrative 
and not limiting sense. 



# 
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What is claimed is: 

1 An inductive ignition system for an internal combustion engine operating at a voltage Vc 
substantially above the standard 1 2 volt automotive battery with one or more ignition coils Ti and 
associated power switches Swi. where i = 1, 2. .... n. with each coil having a primary wmdmg of 
5 turns Np and inductance Lp. and a secondary high voltage winding for producing high voltage 
sparks of turmNsandinductanceUthe primary and secondary winding definingaturns ratio Nt 

equal to Nsmp, the coils being of low inductance with one or more large air gaps withm their 
magnetic core, with primary inductance Lp below 600 uH and producing spark of peak current Is 
above 200 ma, the system further including means for providing the higher voltage Vc and 
10 controlling the charging and spark discharging of the ignition coils from said voltage Vc m a 
controlled sequential mamier, and further including comiection means for comiectmg the coil Ti 
secondary high voltage endtoasparkingmeanswhichsubstantiallyreducesEMIfoUowmg spark 

breakdown the system further including electronic control means for receiving signals to fire the 
sparkingmeans in their proper order,the main improvement of the system being the use of one or 

15 more biasing magnets in said one or moi^ of air gaps in the magnetic core of said low inductance 
coils to reduce the magnetic core area by approximately W/o for the same coil stored energy, to 
produceasystemthatasawholeismore versatile andsmallerthanpriorsuchsystemsforthe same 

high coil stored energy. 

2 me ignition system of claim 1 wherein a micro-controller (MCU) is used for most of the 
20 electronic controls that includes generating the charge or dwell time Tch and steering such 

charging or energizing of the ignition coils in the proper sequence, and firing the spark plugs 
associated with such coils. 

3 Theignitionsystemofclaim2whereinsddmicro-controlleridentifiesthecylindertobefired 

during engine cranking by sensing a voltage from a few turns of each coil by having all the coils 
25 firedsimultaneouslyduringcranking,andonceidentifie4tothenhavetheMCUsWflto^^^^ 

firing with the proper firing order to run the engine. 

4. The ignition system of claim 1 wherein the said coils have open-E type magnetic cores at the 
high voltage end wherein said one or more biasing magnets are located. 
5 THe ignition system of claim 4 wherem the magnetic core of said coil is laminated of non- 
30 circular cross-section wherein two biasing magnet are used, one each at the core open ends. 

6. The ignitionsystem of claim 4 wherein the magnetic core of saidcoil is of cireular cross-section 
and wherein one annular ring type biasing magnet is used at the core open end. 

7. The ignition system of claim 4 wherein said cote is contained in a housing with the center core 
leg in the housing and the outer legs outside of the housing. 
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8. The ignition system of claim 4 wherein between the end of the high voltage winding of said coil 
and Ae high voltage connection of the sparking means is included a spiral winding of steel wire 
wound over a core of magnetic material which has a much higher resistance at and above 1 MHz 
relative to the DC resistance. 
5 9. The ignition system of claim 1 wherein said connection means are spark plug wire with spiral 
winding of wire of high magnetic permeability over a core including magnetic material which 
exhibits high loss at 1 MBiz or higher frequency relative to DC. 

10. The ignition system of claim 1 wherein said sparking means are spark plugs with capacitance 
over 30 pF achieved by electroless chemical dip copper coating of the insulator surfeces. 

10 11. The ignition system of claim 10 \<*erein said insulator is Alumina stirengtiiened with 
approximately 20% or higher zirconia. 

12. The ignition system of claim 10 wherein said spark plug has a halo-disc type firing end with 
recessed or concave hig^ voltage insulator. 

13. The ignition system of claim 13 wherein said firing end has a ground ring about the center high 
15 voltage electrode wherein said ring is held by four axial supports defining four slots through yMch 

air-fiiel mixture can flow. 

14. The ignition system of claim 13 vs*ierein said axial supports define a cone with included angje 
6 between 30 and 90 degrees. 

15. The ignition system of claim 10 wherein said spark plug has recessed firing end insulator witii 
20 large diameter center conductor of diameter approximately 0. 15" along fbs threaded spark plug 

shell section to provide higher capacitance tiian normal along this section. 

16. The ignition system of claim 15 wherein said center conductor is higji thermal conductivity 
material from the collection of copper, brass, and other high conductivity materials. 

17. The ignition system of claim 1 wherein said switches Swi are IGBTs and wherein tiieir gates 
25 are turned on slovdy by including high value resistance in series with tiie gate to substantially 

Induce the ouQwt voltage overshoot upon switch Swi turn-on. 

18. The ignition system of claim 1 including boost converter for raising said battery voltage Vb to 
a higher voltage Vc. 

19. The ignition system of claim 1 wherein said boost converter in by-directional and includes two 
30 inductor windings with biasing magnet for the magnetic core. 
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20. An ignition system for an internal combustion engine with more than one ignition coil Ti and 

associated power switches Swi, where i = 1, 2 n, with control means for charging and spark 

discharging of the ignition coils through sparking means in a controlled sequential manner, the 
system further including micro-controller (MCU) electronic means for receiving signals to fire the 
5 sparking means by having at least one pin Pi associated with each coil Ti , said MCU including 
AID converter capabUity, the MCU means overall being designed to identify the cylinder that is 
under compression and is to be fired during that ignition firing, called the reference signal, the 
reference signal being found during the initial engine start up and engine cranking by 
simultaneouslysensingavoltagefromafew secondary winding tumsofatleastone boil associated 

10 with each engine cylinder, wherein at least one coil per cylinder are simultaneously fired during 
engine cranking, providing a sense signal to its associated MCU control Pin, which the MCU 
compares among all the other cylinder pms Pi and finds the maximum or minimum which it 
identifies that as the reference firing cylinder, firom which reference it can then perform proper 
sequential ignition firing to allow the engine to run properly, without having been provided with 

15 a cam or phase signal. 
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